We investigated smooth pursuit eye movements in 72 patients with focal cerebral lesions using a sinusoidal pursuit task at multiple target frequencies and amplitudes. 
Introduction
Each cerebral hemisphere has been shown to mediate pursuit eye movements to the ipsilateral side (Troost et al., 1972; Sharpe et al., 1979) . Lesions in either cerebral hemisphere can produce a uni-directional pursuit deficit to the same side (Troost et al., 1972; Sharpe et al., 1979; Thurston et al., 1988; Leigh, 1989) , but this ipsi-directional deficit may be associated with a high, normal or low gain response towards the contralateral side (Morrow and Sharpe, 1990; Sharpe and Morrow, 1991) .
The pathogenesis of uni-directional pursuit deficits is still not completely understood (Leigh, 1989) , neither is there a complete agreement on the cerebral pathways involved in smooth pursuit eye movements (Tusa and Ungerleider, 1988) . Cerebral lesions producing ipsilateral pursuit deficits have usually been localized in the posterior parietal cortex or © Oxford University Press 1996 temporo-occipito-parietal region Sharpe, 1982; Leigh and Tusa, 1985; Bogousslavsky and Regli, 1986; Thurston et al., 1988; Morrow and Sharpe, 1990; Sharpe and Morrow, 1991) . Specific lesions in the temporo-occipitoparietal cortex that produce uni-directional deficits have been associated with damage to the human homologue of the monkey's middle superior temporal area (Dursteler et al., 1987; Dursteler and Wurtz, 1988; Thurston et al., 1988; Morrow and Sharpe, 1990) . In humans, this area, also called V5, is said to lie along, and at the junction of the ascending limb of the inferior temporal sulcus and the lateral occipital sulcus (Watson et al., 1993) ; or around the junction of Brodmann's areas 19, 37 and 39 (Morrow and Sharpe, 1993) . Other reports (Gottlieb et al, 1989; Morrow and Sharpe, 1990; Keating, 1991; MacAvoy et al., 1991) have also associated lesions in the the frontal eye fields with unidirectional pursuit deficit.
The motor efferent pathway for pursuit is controversial, but one putative pathway is said to go from area V5 through the internal sagittal stratum and posterior limb of the internal capsule (Tusa and Ungerleider, 1988) , to the dorsolateral pontine nucleus. A second and parallel smooth pursuit pathway has been proposed to run from the frontal eye field to the dorsolateral pontine nucleus and nucleus reticularis tegmenti pontis (Tusa and Ungerleider, 1988) . Microstimulation studies in monkeys (Gottlieb et al, 1993) have shown that the frontal eye field in each cerebral hemisphere contains neurons that mediate smooth pursuit in both directions. Combined lesions of the two pursuit pathways are said to give more severe deficits than a lesion limited to either of the pathways (Lynch et al, 1986) .
Discrete unilateral cerebral lesions have also been reported to give bi-directional pursuit deficits in man (Troost and Abel, 1982; Morrow and Sharpe, 1990 ) and monkeys (Tusa et al., 1986) . The common explanation for this bi-directional deficit in a unilateral lesion is that each hemisphere also contributes to contra-directional pursuit albeit to a lesser extent. This explanation is supported by the fact that hemidecortication does not completely abolish ipsidirectional pursuit (Troost et al, 1972; Sharpe et al, 1979) .
In an attempt to understand the cerebral mechanisms for smooth pursuit deficits, we investigated a large collection of patients with discrete cerebral lesions located in various areas of the cerebral cortex, white matter and subcortical nuclei, with the aim of correlating lesion sites with patterns of pursuit deficit. The sinusoidal pursuit tasks described here formed part of a battery of tests: the remainder will be presented in other publications.
Methods Subjects
We measured horizontal smooth pursuit in 72 patients with discrete cerebral lesions. The patients had an age range of 14-71 years with a mean of 45± 14.75 years. The controls were 18 age-matched naive patients with diseases known not to affect the brain or oculomotor control and not on any medications known to impair oculomotor control. They had an age range of 18-74 years with a mean of 41.22±15.97 years.
The clinical characteristics of the patients are shown in Tables 1-5 . The cerebral lesions were strictly unilateral in 66 patients. In five patients the lesions straddled the corpus callosum in a butterfly fashion, and in one other patient the lesion was an orbital groove meningioma that compressed the two frontal poles. Among the 66 patients with strict unilateral lesions, the right hemisphere was involved in 32 and the left in 34. The lesion types were gliomas in 36 cases, meningiomas in eight, infarcts in 14, arterio-venous malformations with previous histories of bleeding in eight, recent intracerebral haemorrhage in two, intracerebral cysts in two, Rasmussen's encephalitis in one and fronto-temporal hemidecortication in one. Except for the two cases of recent intracerebral haemorrhage, lesions were chronic with a range of 1 month to 32 years. The site and extent of the lesions were determined with CT and MRI scans. Lesions were traced onto standard templates from atlases of axial brain imaging (Matsui and Hirano, 1978; Haaga and Alfidi, 1985; Damasio and Damasio, 1989) to map out affected Brodmann's areas. It is appreciated that even with CT and MRI scans, the delineation of focal lesions may not be precise; tumours may impair functions at remote sites, and infarcts may be associated with remote areas of ischaemia. One case of Rasmussen's encephalitis was included in this study based on the focal clinical features and areas of cortical enhancement seen on MRI scans. All patients were alert and cooperative, and were assessed clinically for spatial neglect. Informed consent was obtained from each patient and control subject and experiments were approved by the local ethical committee.
Recording methods
The subjects were seated in the centre of a darkened room in front of a semi-circular screen of radius 1.5 m. Horizontal eye movements were recorded using an infrared limbus reflection technique (Iris 6500 system, Skalar Medical b.v., Delft, The Netherlands) with a resolution of 5-10 arcmin, and a linear range of at least ±20°. The eye movement recorders were mounted on a helmet assembly which was attached firmly to the subject's head. The head was fixed by padded clamps that fitted snugly on both sides of the head. Subjects were instructed to track targets actively using only eye movements.
Stimulus
The stimulus consisted of a circle of diameter 50 arcmin with superimposed cross hairs. It was made to move across the screen in the horizontal plane by a mirror galvanometer. The motion of the target was controlled by a computer generated signal. The waveform in each record was composed of five sectors of predictable sinusoidal target motion at frequencies of 0.2, 0.4, 0.8, 1.2 and 1.6 Hz, respectively. The order of frequency presentation was randomized. There were 5-12 cycles of sinusoidal target motion in each sector. Peak target displacement was maintained constant throughout the frequency range. Each patient was tested at three peak amplitudes, ±5°, ±10° and ±15°, thus producing peak velocities that ranged from 6 to 147° s~'.
Analysis
All records were analysed off-line by computer using an interactive computer graphics procedure described by Barnes (1982) to remove the saccadic components and thus obtain the smooth eye velocity gain and phase.
Three particular aspects of the pursuit performance were examined: (i) eye displacement gain, i.e. the ratio of overall eye displacement (including saccadic components) to the SWM = subcortical white matter, CC = corpus callosum; AVM = arterio-venous malformation; DLFC = dorsolateral frontal cortex; TOP = temporo-occipito-parietal; FT = fronto-temporal cortex; TP = temporo-parietal cortex; FTP = fronto-temporo-parietal cortex; PPC = posterior parietal cortex. *Medications known to impair smooth pursuit; ^hemianopia/quadrantinopia. AVM = arterio-venous malformation; PLIC = posterior limb of internal capsule; ISS = internal sagittal stratum; FT = fronto-temporal cortex; SWM = subcortical white matter; CC = corpus callosum; ALIC/st. = anterior limb of internal capsule and striatum. Hemianopia/quadrantinopia. target displacement; (ii) eye velocity gain, i.e. the ratio of smooth eye velocity to target velocity; (iii) eye velocity asymmetry. Eye velocity gains to the right and left were calculated independently to determine any directional asymmetries. Smooth pursuit asymmetry was expressed as the difference between gain to the right and gain to the left, divided by the sum of gain in both directions, expressed as a percentage [(G,-G\)l(G,+G\) ]X 100%. The mean gain of pursuit at 1.6 Hz, at the three peak amplitudes of ±5°, ±10°a nd ±15° was used to determine this asymmetry index since asymmetries were most pronounced at this frequency. If this asymmetry index was above 20%, it was taken as a significant indication of smooth pursuit asymmetry when compared with control subjects (P < 0.05). Comparisons between subjects and conditions were carried out by ANOVA, unless otherwise stated.
Results

Control subjects Gains and phases
All control subjects had pursuit velocity gain close to unity at the lowest target frequency of 0.2 Hz. But as the target (Fig. 1A ) that made it difficult to define a 'normal response' with which to compare the behaviour of the patient groups. For instance, at the frequency of 1.6 Hz and target amplitude of ± 15°, the mean gain of the controls was 0.18± 0.09. The 95% confidence interval at this frequency would include subjects with zero gain as normals. Spooner et al. (1980) have pointed out the wide variability of pursuit gains at high frequency in a normal population which includes the young and the senescent. Smooth pursuit gain decreases with age, and there is a marked individual variability in this decrease (Spooner et al., 1980; Zackon and Sharpe, 1987; Paige, 1994) . The scattergram in Fig. 2 shows the trend towards lower gains in the older age groups in our own control population at the highest target frequency (1.6 Hz). To overcome this wide variability, part of which 2 Hz, all subjects had pursuit velocity gain close to unity. With increasing target frequency, gain falls but there is a wide variability in the rate of this decline among normal subjects, the older subjects showing a more rapid decline. (B) A similar widening variability of the phases with increasing target frequency in normals (n = 18). may be attributable to the wide range of age in the control subjects, we established acceptable cut-off points for normal gains by averaging the gains for all the target amplitudes and frequencies examined in this study. Figure 3 shows the distribution of mean gains and phases obtained in this way for the controls. On this basis, the criterion for below normal gain was set at 0.54 representing 2 SD below normal. The disadvantage with this approach was that young patients with mild bilateral impairment of gain stood the chance of being classified as normal. The advantage was that those classified as having low gains by this standard were really poor performers irrespective of their ages.
A similar wide variability existed for the phase errors with increasing target frequency (Fig. IB) . This problem was also overcome by averaging responses across all frequencies. If the mean phase lag for all the target amplitudes and frequencies was >23°, representing 2 SD below normal, this was classified as a significantly large phase error (P < 0.05). Since our objective in this investigation was to classify the responses in terms of gain, phase and asymmetry characteristics, and to associate these with lesion sites, rather Mean eye velocity phase lag Fig. 3 Distribution of (A) mean gains (bin width 0.05) and (B) mean of phases (bin width 5°) over all target amplitudes (5°, 10° and 15°) and frequencies in controls (hatched bars, n = 18) and patients with cortical lesions (filled bars, n = 72). Note the overlap between controls and patients. Gain values formed a continuum with subsets of patients maintaining normal gains but the majority having very low gains. In contrast, the majority of patients had phases that overlapped controls, but with a subset having large phase errors.
than to determine a standard for clinical diagnosis, we feel this is a justified approach. In future, it would be useful to examine a much larger group of controls and possibly attempt to take age into account in defining a standard for normal gain and phase.
Patients
Smooth pursuit deficits
The patients showed a much wider range of values for gain, phase and directional preponderance than the controls. The values appeared to form a continuum from relatively normal to severely impaired, as shown by the distribution of gains and phases in patients compared with controls. Although there is a wide area of overlap between the patients and controls, Fig. 3A shows that the majority of patients had much lower gains than controls, whereas Fig. 3B shows that the majority had phases in the same range as the controls. We have first classified the patients into relatively distinguishable groups on the basis of the eye velocity gain and eye velocity symmetry with a view to defining common areas of lesion overlap, (i) The normal gain group, in which the pursuit velocity gain was within normal limits (<2 SD) in both directions, (ii) The symmetric bi-directional deficit group, in which patients had significant bi-directional pursuit velocity deficits (gain <2 SD) with no significant pursuit asymmetry (Fig. 4A ). (iii) The pursuit asymmetry group, in which patients were characterized by significantly asymmetric pursuit which manifested in one of three forms: (a) the unidirectional deficit subgroup-this group of patients had pursuit velocity deficit in only one direction at all target amplitudes and frequencies, the contralateral pursuit gain being high or normal (Fig. 4B) ; (b) the asymmetric bidirectional deficit subgroup-these patients had bi-directional pursuit velocity deficits in association with significant pursuit asymmetry, pursuit in the ipsilesional direction being more severely impaired (Fig. 4C) ; (c) the anomalous asymmetry subgroup-this odd group of patients had significant eye velocity asymmetry, but the gain was higher in the ipsilesional direction.
Following the above classification, we subsequently examined the same patients in a different way, by ignoring velocity asymmetry and classifying them according to the degree of eye velocity phase errors with the view to defining common areas of lesion overlap in patients with large phase errors. Two discrete subsets of patients were identified for further analysis based on their phase errors. Both groups had low pursuit velocity gains at high frequencies.
Low gain, high phase error group. This group consisted of patients with low eye velocity gain (<0.54) and mean eye velocity phase error >23° (phase errors >2 SD above normal).
Low gain, low phase error group. This group consisted of patients with low eye velocity gain (<0.54), and normal phase errors. All the patients in this group had mean phase errors <19° (not >1 SD above normal). Patients with mean phase errors between 19° and 23° were not included in any of the two groups since our aim was to identify areas of lesion overlap, if any, that distinguished patients with large phase errors from those with normal range phase errors. were latent at low target frequencies became manifest as the target frequency increased to 0.8 Hz and above. Many patients in the uni-directional deficit group did not show any significant asymmetry at low target frequencies, but as the frequency increased to 0.8 Hz and above, the asymmetry became progressively more pronounced (Fig. 10) . Similarly,
Pursuit at high target frequencies. Pursuit deficits that
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Fig. 6 Composite diagram of focal cerebral lesions showing lesion overlap areas in the posterior parietal cortex associated with symmetric bi-directional deficit. Lesions identified with CT scans and/or MRI were traced onto standard templates from brain atlas (Damasio and Damasio, 1989 ). Brodmann's cytoarchitectonic areas are shown on the right hemisphere, and the areas of lesion overlap on the left, with laterality removed. Lesions confined to areas 5, 7, 39 and 40 were associated with symmetric bidirectional deficits.
many patients with bi-directional pursuit deficits showed only mild deficits at low target frequencies, but as the frequency increased to 0.8 Hz and above, there was a progressive inability to sustain coherent pursuit eye movements, the pursuit velocity gain dropped dramatically, and in severe cases all eye movements ceased, and the patient made no smooth pursuit or saccadic responses that could be distinguished from the noise level (Fig. 5 ). This inability to sustain coherent pursuit at frequencies above 0.8 Hz could not simply be attributed to increased time delays in the pursuit pathways because it occurred both in subjects with large phase errors and those without. One patient with arteriovenous malformation of the thalamus had normal gains and phases. On average, patients with arteriovenous malformations had normal gains and phases unless they had bled, had radiotherapy and subsequent radionecrosis, or had been embolized recently.
Symmetric bi-directional deficit
This group included 19 patients whose characteristics are shown in Table 3 . Two main areas of lesion overlap were found in these patients (Figs 6 and 7). (i) The posterior parietal cortex, areas 7, 5, 40 and 39. Lesions involving these areas were associated with profound bi-directional pursuit deficits, (ii) The dorsolateral frontal cortex, which included the frontal eye fields, mainly Brodmann's areas 8, 9, 6, 44 and 45. In addition, two patients with mid-thalamic lesions (Patients 44 and 45), and two patients (Patients 34 and 38) with lesions involving the parahippocampal/posterior cingulate gyri had severe bi-directional deficits.
This wide distribution of cortical areas associated with bi-directional pursuit deficit made this a common finding associated with focal cerebral lesions. Some of the patients with bi-directional deficits were on drugs that could have caused the deficits, but it should be noted that a large proportion were not on drugs, and indeed a good proportion of those with normal pursuit and those with only unidirectional deficit were also on similar drugs.
Pursuit asymmetry group
Patients with pursuit asymmetry almost always had more severe pursuit deficits in the ipsilesional direction. The deficit might be restricted to the ipsilesional direction, it might also involve the contralesional direction although with less severity, or on rare occasions, the deficit was worse contradirectional to the lesion.
Uni-directional
deficit. The charateristics of the 12 patients in this group are shown in Table 2 . The lesions were Occipito-temporal and subcortical lesion overlap areas associated with smooth pursuit asymmetry. The three lesions that extended to the V5 area (Brodmann's areas 19, 37 and 39) had associated mild contra-directional deficit but severe ipsidirectional deficit. Deficits in subcortical lesions usually remained ipsi-directional even with increasing frequencies. Note that the subcortical lesions were concentrated around the internal sagittal stratum, and the triangular region formed by the limbs of the internal capsule and the basal ganglia.
Normal gain group
There were 20 patients in this group, and Table 1 shows their clinical characteristics. Lesions affected the prefrontal areas in four of these patients. Brodmann's areas involved included 10, 9, 11, 46 and rostral parts of area 8. Underlying white matter was also involved in all these patients. In two of these patients with normal gains the lesions were butterfly gliomas involving the genu of the corpus callosum, adjacent hemispheric cortices (areas 32 and 24) and white matter; the primary somaesthetic sensory cortex (areas 3, 1 and 2) was involved in one; the striate cortex (areas 17 and 18) in one. The temporal lobe was involved in eight patients; the Brodmann's areas involved included 38, 20, 21, 22, 41 and 42. Three patients had lesions underlying the white matter of the posterior parietal cortex: one old infarct of the centrum semiovale, one arterio-venous malformation with patchy lesions in area 40, and one glioma underlying areas 5, 7, 40 and 39. Although the gain in the latter patient seemed low for his age, it did not reach the level of statistical significance. Fig. 9 Lesion overlap areas in the dorsomedial frontal cortex associated with pursuit asymmetry. In four of the five patients in this overlap, the deficit remained purely ipsi-directional with increasing frequency. In one other, there was associated mild contra-directional impairment. The two arrows highlight the sparing of the dorsolateral frontal cortex in these patients. subcortical in seven of the patients. All the subcortical lesions involved the triangular region formed by the two limbs of the internal capsule and the striatum (Fig. 8) . In four of the patients (Patients 24, 26,29 and 30) the lesions predominantly involved the dorsomedial frontal cortex (areas 6, 4, 32 and 24) (Fig. 9 ) with its underlying white matter. The lesion extended from the subcortical white matter of the left dorsolateral frontal cortex to the internal capsule/striatum region in 1 case. Figure 10 shows the progressive increase in pursuit asymmetry with increasing target frequency in this group of patients.
Asymmetric bi-directional deficit. This group (Table 4) of 18 patients formed a heterogeneous spectrum, patients with mainly uni-directional deficit and mild contra-directional low gain being at one extreme. At the other extreme were patients who showed significant ipsi-directional deficit at the lower target amplitudes and frequencies, but as the amplitude and frequency of target motion increased, bi-directional impairment became so pronounced as to mask any asymmetries hitherto present (Fig. 11) . In three of the subjects shown in Fig. 11 , the pursuit asymmetry was progressive as the target frequency increased, whereas in the other three, an overwhelming bi-directional impairment masked the asymmetric effect with increasing frequency. In this group of patients with asymmetric bi-directional deficits, the lesions involved the dorsolateral frontal cortex, posterior parietal cortex and thalamus but penetrated deep into the underlying white matter more than the lesions in patients with symmetric bi-directional deficits. Thus lesions that penetrated from the posterior parietal cortex into the internal capsule/striatum region (Patients 58, 61, 65 and 67) caused asymmetric bidirectional deficit; lesions that extended from the dorsolateral frontal cortex to the internal capsule/striatum region caused asymmetric bi-directional deficit (Patients 54 and 63); and similarly, extensive thalamic lesions that lateralized to involve an adjacent internal capsule/striatum produced the same effect (Patient 69). In three patients with lesions of the occipitotemporal V5 areas, the pursuit deficit was bi-directional but significantly more severe in the ipsilesional direction. Pursuit deficits restricted to the ipsilesional direction occurred in occipito-temporal areas only in patients whose lesions did not extend to the cortex.
The anomalous asymmetry group. This was an odd group of three patients (Table 5 ) whose pursuit gain was Fig. 11 The asymmetry index in six of 18 patients with asymmetric bi-directional deficits. In the three patients represented by broken lines, the asymmetry index continued to increase with increasing frequency because the deficit was predominantly unidirectional at all target frequencies. In the other three patients (solid lines) an associated severe contra-directional deficit at high frequencies annulled asymmetries that were hitherto present better in the ipsilesional direction than towards the normal side. Patients 70 and 71 had abnormally high gain greater than unity on the ipsilesional side and normal gain on the unaffected side (Fig. 4) . Patient 72 had a bi-directionally 37 Fig. 12 Section showing the band of lesion overlap areas which gave rise to pursuit asymmetry. Lesions that penetrated to this depth of the brain gave the most pronounced asymmetries. Multiple overlaps extended from the V5 area, through the internal sagittal stratum, and the triangular region bounded by the limbs of the internal capsule and the basal ganglia, to the dorsomedial frontal areas.
reduced gain which was worse on the unaffected side. All three patients had focal seizures.
Localization of smooth pursuit asymmetry
A composite plot of all the areas associated with pursuit asymmetry (combination of Figs 8 and 9) showed that they formed an overlapping band that starts in the V5 area posteriorly, and runs deep in the white matter through the internal sagittal stratum, the posterior and anterior limbs of the internal capsule with surrounding basal ganglia, to the dorsomedial frontal cortex and its subcortical white matter anteriorly (Fig. 12 ). Lesions were spattered along this band with multiple areas of overlap.
Smooth pursuit velocity phases
Assessment of the pursuit velocity phases (ignoring velocity asymmetries) in the patients showed subsets with normal gains and normal phase errors, normal mean gains and large phase errors, low gains and normal phase errors, and low gains with large phase errors (Fig. 13) . Thus it was obvious that the gain and phase of smooth pursuit could be impaired independently.
Large phase errors. Twenty of our patients had large phase errors. Eighteen of the patients had low gains and large phase errors (low gain high phase group), and two had normal mean gains with large phase errors. Figure 14 shows the lesion overlap areas in 15 of the patients, including the two patients with normal mean gains. The common area of overlap in these was the striatum. In four others, the lesions involved the occipito-temporal cortex including the V5 motion perception areas. These latter four patients also had associated hemianopia. One other patient had a butterfly glioma of the corpus callosum with infiltration of the Plots comparing (A) velocity gains and (B) velocity phases in control subjects (circles) with two groups of cerebral cortical patients (low gain high phase, triangles; low gain low phase, squares). Both patient groups had similar eye velocity gains at high frequencies. However, the subjects in the low gain low phase group were able to maintain normal pursuit velocity phases whereas those in the low gain high phase group had velocity phases significantly lower than controls.
of lesion overlap could be demonstrated in these patients. The lesions were in the posterior parietal cortex in three of these patients, in the dorsolateral frontal cortex in two, frontal subcortical white matter in two and the temporo-occipital cortex in one.
Right-versus left-sided lesions
When lesions involved the posterior parietal cortex or the dorsolateral frontal cortex, the pursuit deficits were more severe with right-sided than with left-sided lesions. In Fig. 15 we compare the pursuit gains of 14 right-handed patients with anatomically and pathologically similar left-and rightsided lesions. Seven of the patients had their lesions in the left cerebral hemisphere (Patients 1, 54, 25, 60, 65, 33 and 58) and the other seven had their lesions on the right (Patients 41, 40, 63, 43, 64, 46 and 67) . Three of the seven patients in each of the two groups had frontal lesions, two had posterior parietal lesions and two had extensive frontoparietal lesions. A finding of particular interest was that the patients with right-sided lesions had significantly lower eye displacement gains (P < 0.005), as well as lower eye velocity gains (P < 0.05). Although volumetric analysis of the sizes of the lesions could not be made in these cases, the differences in pursuit gain between the two sides were usually very marked for lesions which radiologically appeared to be of the same dimensions.
Discussion
Normal pursuit gain
Our results show that the smooth pursuit system is very sensitive to cerebral damage. In the 72 patients with cerebral
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Fig. 14 Area of lesion overlap in 15 out of 20 subjects with large phase errors. The striatum seemed the most critical common structure involved by these lesions. Focal lesions confined to the cerebral cortices without penetrating to this area produced low velocity gains but had normal phases. periventricular white matter. The overlap of lesions in the area of the striatum in 15 out of 20 patients with large phase errors suggested that the striatum was critical for normal phases during a smooth pursuit task. Lesions in this area impaired pursuit phases with or without any significant impairment of gain. Three patients with large thalamic lesions had phase errors that fluctuated from very large lags to large leads between stimulus conditions. The very low velocity gains and incoherent pursuit at high frequency in these three patients made the recorded phases unreliable.
Low phase errors.
Eight patients were identified with low gain and low phase errors (low gain low phase group, i.e. phase error not different from normal). No singular area lesions, only 20 patients had pursuit gains within the normal range. There were only a few areas where lesions seemed not to affect the gain of pursuit. Patients with unilateral lesions in the rostral prefrontal areas, the rostral temporal regions and the occipital poles with or without hemianopia, had normal pursuit gains, phases and symmetry. These findings suggested that these areas were not involved in the regulation of smooth pursuit gain and phase, nor do they affect the subjects' attentional mechanisms. Previous workers (Troost and Abel, 1982) have noted that the smooth pursuit system is quite sensitive and is 'broken-up' in many patients with cerebral, cerebellar and brainstem disease. Omnidirectional saccadic pursuit is also a manifestation of many sedative, anticonvulsant or psychoactive drugs (Sharpe and Morrow, 1991) . In a series of 23 patients with focal cerebral lesions investigated by Morrow and Sharpe (1990) , only one patient had normal pursuit gain at all target accelerations. They found that bi-directional pursuit deficits were common even after eliminating the effect of drugs. The restricted number of cerebral areas where lesions do not affect smooth pursuit explains the easy susceptibility of this system.
Symmetric bi-directional deficit and directed attention
Symmetric bi-directional pursuit deficit was seen in our patients whose lesions involved the posterior parietal cortex, the frontal eye field, the mid-thalamic region and the parahippocampal-cingulate cortex. The posterior parietal cortex and the frontal eye field constitute the polymodal sensory association areas (Mesulam et al., 1977; Mesulam, 1981) which, with the reticular formation and cingulate cortex, form the integrated network for the modulation of directed attention within extrapersonal space (Mesulam, 1981; Heilman et al., 1985) . This cortico-limbic-reticular formation loop has been postulated to function as an attention-intentionmotivation-arousal integrated network which potentiates stimulus processing (Heilman et al., 1985) . If an animal attends to a visual stimulus, then any response to that stimulus is enhanced whether it be a saccade, reaching, or using the stimulus as a cue for behaviour not requiring target movement (Robinson et al., 1978) . Increasing the amount of attention directed towards a stimulus can enhance the responsiveness and selectivity of the neurons that process it (Spitzer et al., 1988) , and directing attention covertly to a visual location improves the speed and reduces the threshold for processing events that occur there (Posner et al, 1984) . Robinson et al. (1978) postulated that the posterior parietal cortex neurons serve to facilitate afferent signals and that these posterior parietal cortex neurons provide a sensory mechanism in which the behavioural afferents act as a gain control on the sensory message. More recent PET studies have shown that attention to special attributes like colour, shape and velocity enhanced the activity of the region of extrastriate visual cortex that appears specialized for processing information related to the selected attribute (Corbetta et al., 1990) . The intimate coupling in the four regions involved in the corticolimbic-reticular loop makes it such that lesions in any part of the system may disrupt the process of directed attention (Mesulam, 1981) , and lesions at more than one site in this network may cause a more profound deficit than any one lesion. Spatially selective visual attention functions in the interface between the afferent pathway which processes target location and motion, and an efferent pathway which transmits the commands for initiating eye movements to the brainstem (Tusaer al., 1986; Tusa and Ungerleider, 1988) . This spatially selective visual attention potentiates the relevant visual feedback information from a target source and enhances the gain of the system. Various experiments (Collewijn et al.. 1982; Barnes and Hill, 1984) have shown that the gain of the smooth pursuit system does not depend only on the external stimulus parameters but also on the the level of general and visual attention, the state of spatially selective attention and voluntary or cognitive decisions. Indeed, the measurable momentary output of the pursuit system has been postulated to constitute an indicator for the current state of attention (Collewijn et al., 1982) . The wide area of distribution of this network for directed attention makes the system easily susceptible to diverse insults such as degenerative disorders and drugs. Bi-directional pursuit velocity deficit, either symmetric or asymmetric, was the commonest smooth pursuit disorder associated with focal cerebral lesions, occurring in 37 (51.4%) of the subjects studied.
Although the lesions in the 19 patients with bi-directional deficits were intimately linked with the cerebral network for spatially directed attention, only three of these patients showed hemineglect. Therefore, we cannot attribute the deficits in the majority of this group to hemineglect. Examination of the eye displacement traces in these patients with bi-directional deficits did not show the type of pursuit in one hemispace which has been attributed to visual hemineglect (Bogousslavsky and Regli, 1986; Meienberg et al., 1986) . Retinotopic deficits in motion perception could also not account for this bi-directional deficit since retinotopic deficits do not usually affect the gain of predictable sinusoidal target motion (Morrow and Sharpe, 1990) . Review of experimental evidence (Posner and Dehaene, 1994) explains how a unilateral lesion in the attentional network can produce an omni-directional deficit in selective attention: although the attentional functions of the two hemispheres are asymmetric, in the normal subject, the left and right parietal areas are integrated into a single mechanism through the corpus callosum, so that covert attention has a single focus.
Localizing value of smooth pursuit asymmetry
Our results showed that pursuit asymmetry was a common feature of cerebral lesions, 33 (45.8%) of the patients showing this deficit in one of three forms. In patients with asymmetric pursuit, pursuit deficit could be restricted to the ipsilesional direction, or it could be bi-directional with more severe impairment in the ipsilesional direction, and on rare occasions (three patients) it could even be more severe in the contralesional direction.
The broad band of lesion overlap areas associated with pursuit asymmetry markedly reduced the localizing value of this deficit. Pursuit asymmetry occurred in a long band of lesion overlap areas that run from the V5 occipito-temporal areas posteriorly, through the internal sagittal stratum, the posterior limb and anterior limbs of the internal capsule with adjacent striatum, to the dorsomedial frontal cortex anteriorly.
Other investigators have shown the V5 area to be the human homologue of the monkey's middle temporal and medial superior temporal areas (Morrow and Sharpe, 1993; Watson et al., 1993) . In humans, lesions of the occipitotemporal cortex have been reported to cause ipsi-directional impairment of visual motion detection and velocity discrimination (Barton et al, 1995; Greenlee et al., 1995) . Lesions in the monkey's foveal middle temporal and medial superior temporal regions have been shown to produce a pursuit deficit which could be strictly uni-directional, or retinotopic, when targets stepped into hemifields with damaged motion processing (Dursteler and Wurtz, 1988) . In three of our patients with lesions involving the cortex in this area, the deficit was bi-directional, although more severe in the ipsilesional direction. The evidence from our experiments suggests that deficits from lesions in this area were strictly ipsilesional only in cases where the lesions were entirely subcortical. Damage to the internal sagittal stratum, posterior limb of the internal capsule, and the region of the posterior thalamus has been documented to be associated with ipsidirectional pursuit deficits (Brigell et al., 1984; Tusa and Ungerleider, 1988; Morrow and Sharpe, 1990) , presumably by interrupting the posterior efferent pursuit pathway from the V5 areas to the dorsolateral pontine nucleus.
The dorsomedial frontal cortex was associated predominantly with uni-directional deficit in five patients (Patients 24, 26, 29, 30 and 55) . Four of them (Patients 24, 26, 29 and 30) had a purely uni-directional deficit. Remarkably, these patients had a relatively well-preserved ipsi-directional pursuit gain until target frequency increased to 0.8 Hz, beyond which the ipsi-directional gain deteriorated rapidly. The dorsomedial frontal cortex contains the supplementary motor area, which includes the supplementary eye field Schlag-Rey, 1985, 1987) . Our results suggest that dorsomedial frontal cortex damage leads to an ipsi-directional pursuit deficit. There is growing evidence that the timing mechanism for predictive smooth pursuit resides in the dorsomedial frontal cortex. Single neuron recordings in the dorsomedial frontal cortex (Heinen, 1994) have shown cells whose timing and response waveforms raised the possibility that they are used for predictive eye movements. The dorsomedial frontal cortex, the triangular area bounded by the posterior and anterior limbs of the internal capsule, and the striatum were associated with the most profound velocity asymmetries. Morrow and Sharpe (1995) have documented a patient whose pursuit asymmetry probably resulted from damage to the dorsomedial frontal cortex; the most profound asymmetry in their study was also in a patient (patient 1) with a deep caudal frontal lesion that involved the corona radiata but not the cortex. Asymmetries from these subcortical areas may have resulted from associated damage to the anterior and/or posterior limbs of die internal capsule. Frontopontine fibres are known to descend through the anterior limb of the internal capsule (Astruc, 1971; Fries et al., 1993) .
Asymmetric pursuit in our patients with dorsomedial frontal cortex lesions contrasted with symmetric pursuit in our patients whose lesions were limited to the area of the frontal eye fields. The frontal eye field occupies an area in the dorsolateral frontal cortex that includes the confluent portions of Brodmann's areas 8, 6, 4 and 9 (Leigh and Zee, 1991) . Our patients with lesions in this area rather showed a bi-directional pursuit deficit with no significant asymmetries. In some of the frontal eye field patients where the deficit seemed more severe ipsi-directionally at the lower frequencies (0.2, 0.4 Hz), it soon became marked bidirectionally with increasing target frequency so that such patients generally did not exhibit a significant asymmetry at high frequencies. These results are in keeping with the findings of Keating (1991) who noted that unilateral frontal eye field lesions in monkeys caused a bi-directional impairment of pursuit, and he found no significant directional difference in the degree of impairment. There have been reports of ipsi-directional deficits from lesions of the frontal eye field (Morrow and Sharpe, 1990; MacAvoy et al., 1991; Rivaud et al., 1994; Morrow and Sharpe, 1995) . In the seven patients with unilateral frontal lesions studied by Morrow and Sharpe (1995) , only four patients showed significant asymmetry in smooth pursuit maintenance, and in these four patients the pursuit deficit was bi-directional, although worse in the ipsilateral direction. The predominant bi-directional effect of frontal eye field lesions noted in our cases could be explained by the finding that each frontal eye field contains neurons for pursuit in all directions with no strong bias toward ipsilateral, contralateral, up or down (Gottlieb et al., 1994) . That each cerebral hemisphere contributes to contradirectional pursuit is further supported by the following evidence: (i) hemidecortication does not completely abolish ipsi-directional pursuit (Troost et al., 1972; Sharpe et al., 1979) ; (ii) the medial superior temporal area in each hemisphere contains neurons which code pursuit in both the ipsi-and contralateral directions (Komatsu and Wurtz, 1988) . Indeed, none of our patients exhibited complete loss of ipsidirectional pursuit even with extensive lesions. However, the observation that subcoitical lesions frequently produced strictly ipsi-directional deficits suggested that the bidirectional pursuit impairment often seen after a discrete unilateral cerebral cortical lesion is not simply because each cerebral hemisphere contributes motor efferents for pursuit bi-directionally. An alternative and more likely explanation is that the frontal eye field, posterior parietal cortex and thalamus also contain neural substrates for directed attention. Concurrent damage to these neural substrates produces an overwhelming omni-directional impairment.
Anomalous asymmetries
Three of our patients had asymmetric pursuit with the higher gain being on the same side as the lesion. In two of these patients the gain was higher than normal on the affected side but within normal range on the unaffected side. These two patients had meningiomas with focal seizures. The third patient with wrong way asymmetry also had intractable focal seizures. His pursuit gain was reduced bi-directionally, though significantly more in the direction contralateral to his lesion. Lawden et al. (1995) noted a larger proportion of patients (six out of 26) with focal cerebral lesions showing more severe contra-directional deficits. The number of patients with more severe contra-directional deficits would indeed have increased in our cases if we had lowered the cut-off point for significant asymmetry. This can be observed in Fig. 4A which is the mean plot for 19 patients with symmetric bi-directional deficit. This figure shows that mean pursuit gain in these 19 subjects was marginally better in the ipsilesional direction. In these patients with bi-directional pursuit deficits, the direction with more severe pursuit deficit was not always consistent but varied from one stimulus condition to another. As a rule, consistent uni-directional pursuit deficits are ipsilesional, but it is worth noting that exceptions to the rule do occur. Further investigation will be required to elucidate the cause of this anomalous behaviour.
High frequency effect
Our results serve to emphasize the importance of testing pursuit over a range of stimulus frequencies before pursuit is declared normal. Ipsi-directional pursuit deficits were not often present at target frequencies of 0.2 and 0.4 Hz, but as the target frequency increased to 0.8 Hz and above, pursuit asymmetry became manifest This phenomenon is similar to previous observations that smooth pursuit gain declines with increasing target acceleration, and gain falls proportionately more in patients with cerebral hemispheric damage (Sharpe and Morrow, 1991) . In some of our cases, this decline was relatively more profound on the ipsilesional side accentuating the degree of asymmetry with increasing target frequency. A notable feature in patients with predominantly uni-directional deficit is that they could sustain coherent pursuit movements at all frequencies tested despite the progressive ipsilesional deficit.
Experiments in normal subjects (Dallos and Jones, 1963 ) have shown that the eyes can pursue smoothly up to a target frequency of 1 Hz after which the response breaks into a mixed saccade and pursuit mode. Above target frequencies of ~2 Hz, the eyes can no longer track in any fashion, they stop moving entirely and monitor target motion parafoveally (Leist et al., 1987) . In view of the fact that the vestibuloocular system is capable of driving the eyes at frequencies in excess of 4 Hz (Atkin and Bender, 1968) , the frequency limitation of the smooth pursuit system has been said not to be due to mechanical constraints but to the temporal demands for central processing of detailed visual information (Leist et al., 1987; Kunesch et al., 1989) .
In our patients with lesions affecting the cerebral network for directed attention, pursuit was broken at a much lower frequency, in some cases as low as 0.2 Hz, and at 0.8 Hz the pursuit movements had become poorly sustained and noisy. The eyes may stop moving entirely at frequencies beyond this. This type of behaviour where patients stopped tracking entirely has been noted and called the 'do nothing level' in parkinsonian patients during eye hand tracking at frequencies of 1 Hz and above (Rowers, 1978) . In patients with large time delays before the initiation of pursuit, it is easy to understand how the eyes would stop pursuit when the phase lag is approaching 180° because pursuit would not be initiated before the target changes direction. But some of our patients who stopped pursuit entirely at frequencies as low as 0.8 Hz maintained normal pursuit velocity phases at the preceding frequencies despite the low gains. This would suggest that time delays in the pursuit pathways may not account for all the cases who stopped pursuit at high frequencies. An alternative explanation in these patients would be that they cannot sustain the effort required for pursuit at high frequencies. Human smooth pursuit eye movement is largely volitional and requires an effort of the will and selectively directed attention to sustain it (Yasui and Young, 1975; Van den Berg and Collweijn, 1987; Barnes, 1994; Barnes, et al., 1996) . This volitional component of pursuit has been variously referred to as 'pursuit effort' (Van den Berg and Collweijn, 1987) or 'Helmholtz's effort of the will' (Yasui and Young, 1975) . One of the common symptoms of focal cerebral lesions in clinical practice is loss of capacity to sustain continuous mental activity or deficiency in mental power. This in itself might account for the inability to sustain the pursuit effort required to selectively shift attention and drive pursuit at high frequencies.
Localization of large phase errors, and phasegain dissociation
Cerebral cortical lesions and diseases are usually associated with normal pursuit phases despite the low pursuit gains (Fletcher and Sharpe, 1988; Morrow and Sharpe, 1990; Morrow and Sharpe, 1995) . This is demonstrated in Fig. 2B in our cases. On the other hand, patients with cerebellar lesions have been well documented to have large phase errors during pursuit (Waterston et al., 1992) . Our results in this study show that a subset of patients with cerebral lesions can have large phase errors, and that gain and phase can be impaired independently. The critical lesion overlap area for large phase errors was the striatum. Focal lesions restricted to the posterior parietal cortex and dorsolateral frontal cortex were associated with normal phases despite the low velocity gains. These results suggest that the basal ganglia might be involved in the regulation of phases of predictable movements. In support of this, Jaeger et al. (1993) have demonstrated phasic neuronal discharges in the putamen closely linked to the timing of movement initiation. The net effect of putaminal discharge may be excitation of phasic discharge of medial pallidal neurons (Marsden and Obeso, 1994) . Brotchie et al. (1991) have observed a population of pallidal neurons that demonstrated a double discharge during the two phases of a sequential movement, and this internal cue seemed appropriately timed to terminate sustained neuronal activity in the supplementary motor area and to allow the next movement in the sequence to be executed. The normal phase errors seen in patients with focal cerebral cortical lesions, and the large phase errors seen in patients with basal ganglia or cerebellar lesions, are in keeping with experimental evidence that timing of rapid responses to visual stimuli does not depend on the activity of the cortico-cortical pathway, but on cerebro-cerebellar communication loops (Stein and Glickstein, 1992) . It has been suggested that cortico-basal ganglia loops and cerebro-cerebellar communication loops complement each other to determine an integrated activity able to time and trigger an appropriate motor response Goldberg, 1985) .
It is not surprising that the gain and phases of smooth pursuit eye movements can be impaired independently. Several experiments with limb movements have consistently demonstrated that the latencies of limb movements can be completely dissociated from the movement time (Benita et al., 1979; Beaubaton et al., 1980; Evarts et al., 1981; Lecas et al., 1986) . Timing of movement initiations and terminations can also be completely dissociated from their velocities and accelerations (Conrad and Brooks, 1974) .
Dominance of the right cerebral hemisphere in tracking tasks
Right-sided lesions in the cortico-limbic-reticular formation loop for directed attention produced a significantly more profound deficit in smooth pursuit eye movements than equivalent lesions in the left cerebral hemisphere. This difference was demonstrated in both lower eye displacement gains, and lower eye velocity gains. The significantly lower eye displacement gain in right-sided lesions implied that right-sided lesions were even more devastating to the saccadic system, greatly impairing the amplitude of catch-up saccades. These patients also had more difficulty sustaining coherent pursuit eye movements at target frequencies above 0.8 Hz. Subcortical lesions that did not affect the attention network produced similar degrees of deficit in left-and right-sided lesions. The dominance of the right cerebral hemisphere in oculomotor control mechanisms has been suggested by previous workers (De Renzi et al., 1982; Bogousslavsky and Regli, 1986; Sava et al., 1988) . Hemispheric asymmetries in programming the timing and spatial components of saccades have also been noted by Ventre et al. (1992) .
Our results suggest that this dominance of the right hemisphere in oculomotor performance is closely related to its dominance in spatially selective visual attention. Many reports (Mesulam, 1981; Heilman et al., 1985) have shown the right cerebral hemisphere to be more effective in tasks that require spatially directed attention. A PET study (Pardo et al., 1991) of attention in humans has shown localized increases in blood flow in the prefrontal and superior parietal cortex, primarily in the right hemisphere regardless of the modality or laterality of the sensory input. It has been postulated that, whereas the attentional function of the left hemisphere is confined to the contralateral hemispace, that of the right hemisphere encompasses the entire hemispace (Heilman and Van den AbeO, 1980; Mesulam, 1981) , and that the right hemisphere prepares both sides for action (Heilman and Van den Abell, 1980) .
